Intestinal intraepithelial lymphocytes (IELs) 
Introduction
The intestines face various foreign antigens on their mucosal interface and thus possess an integrated immunological system that can prevent the dissemination of both commensal and pathogenic microorganisms [1] thymocytes, defined by dependence on transforming growth factor β (TGF-β)-activated kinase 1 (TAK1) and other markers [9] . The further differentiation of TCRαβ + CD8αα + IELs is regulated by interleukin 15 (IL-15) or TGF-β [10] [11] . TGF-β signaling regulates the CD8α expression in thymic precursors of TCRαβ + CD8αα + IELs [11] . The production of IL-15 from intestinal epithelial cells is required for maintaining TCRαβ + CD8αα + IELs [12] . However, the molecular pathways that control the development or number of TCRαβ + CD8αα + IELs remain largely undetermined. Notch receptors interact with specific ligands that cleave the transmembrane domain of Notch [13] . The cleaved Notch translocates into the nucleus and binds to recombination signal binding protein for immunoglobulin kappa J region (Rbpj), which recruits mastermind-like 1 and p300, resulting in the up-regulation of Notch target genes [14] . Notch regulates various effector functions and development of T cells [13, 15, 16] , as well as the survival of dendritic cells (DCs) and the development of macrophages [17] .
In this report, we investigated whether Notch regulates the survival of intestinal immune cells. We found that the number of TCRαβ +
CD8αα
+ IELs is severely reduced in mice in which Rbpj is deleted by a CD4-Cre transgene. Atp8a2 is regulated by Notch signaling, and its overexpression in Rbpj-deficient T cells restored the number of TCRαβ + CD8αα + IELs to levels that are comparable to those seen for wild-type mice. As Atp8a2 exhibits flippase activity that flips phosphatidylserine (PS) to the inner leaflet of the plasma membrane and thus helps keep the phospholipid asymmetry in the plasma membrane, Rbpj-deficient TCRαβ + CD8αα + IELs had more exposed PS in their outer membrane than control cells had. Thus, Rbpj-deficient TCRαβ + CD8αα + IELs were likely to be engulfed by intestinal macrophages. These data illustrate the existence of a novel regulatory mechanism that sets or balances the number of immune cells through flippase-mediated symmetry of membrane phospholipids. 
Results

Rbpj in T cells is required for
Rbpj-deficient cells express low Atp8a2
We used DNA microarray analysis to evaluate the target genes for Notch signaling that are associated with the number of TCRαβ Since we saw no reduction in the number of splenic CD4 and CD8 T cells in the absence of Rbpj, we next tested whether Atp8a2 mRNA expression levels were reduced in Rbpj-deficient splenic CD4 or CD8 T cells. Depleting Rbpj did not affect Atp8a2 mRNA expression in splenic CD4 and CD8 T cells or TCRγδ + CD8αα + T cells (Fig 5F) . In addition, expression levels of The lipid bilayers of cellular membranes show asymmetric lipid distributions. PS and PE are enriched in the cytoplasmic leaflet, and PC and sphingomyelin are major components in the exoplasmic leaflet. The flippases with type IV P-type ATPase activity are essential for the maintenance of phospholipid asymmetry in lipid bilayers. The loss of flippase function during apoptosis causes PS to be exposed in the exoplasmic leaflet, which provides an "eat-me" signal to the resident macrophages. Although Atp11a and Atp11c are cleaved by caspases during apoptosis, Atp8a2 is not, suggesting that Atp8a2 retains activity even in cells undergoing 
Methods
Ethics statement
All animal studies were approved by the ethics committee for animal use and welfare in Tokushima University (H26-142).
Mice
Eight-to 10-wk-old C57BL/6 mice (CD45.2) were purchased from Japan SLC (Hamamatsu, Japan). Rbpj flox/flox [38] [40] , Dll1 flox/flox [41] , CD11c-Cre transgenic (Jackson Laboratory), Villin-Cre transgenic (Jackson Laboratory), or C57BL/6 (CD45.1) mice were used. All mice were maintained under specific pathogen-free conditions in the animal facilities at Tokushima University, Japan.
Flow cytometry
Fluorochrome-conjugated monoclonal Abs (mAbs) specific for mouse CD5 (53-7. (San Diego, CA, USA). PE-conjugated mAbs specific for phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), p44/42 MAPK (Erk1/2), and rabbit mAb IgG isotype control were from Cell Signaling (Danvers, MA, USA). CD1d-tetramer was obtained from the NIH tetramer core facility. Mouse MR1-K43A tetramers were produced as described previously [42] , with modifications. Briefly, genes encoding the mouse MR1-K43A heavy chains and mouse β2m were inserted into separate pGMT7 expression plasmid and expressed in Rosetta DE3 Escherichia coli cells, and inclusion body protein was prepared using 0.5 mM IPTG and solubilized in 6 M Guanidine, 50 mM Tris-HCl pH 8.1, 100 mM NaCl, 2 mM EDTA. Mouse MR1 and β2m were refolded in a buffer containing 5 M urea, 100 mM Tris-HCl (pH 8.1), 2 mM Na-EDTA, 400 mM L-arginine, 6 mM cysteamine hydrochloride, 4 mM cystamine dihydrochloride and dialyzed in 10 mM Tris-HCl (pH 8.1) before FPLC purification by anion exchange. MR1 monomers were biotinylated prior to gel filtration with BirA biotin-protein ligase standard reaction kit according to manufacturer's instructions (BirA500, Avidity) and assembled into tetramers with streptavidin-APC (Prozyme) at a streptavidin:MR1 monomer molar ratio of 1:4. The MR1 tetramers were loaded with a 3 nM of 5-OP-RU and Ac-6-FP for 16 hr at 4˚C in the dark prior to use. All samples were resuspended in PBS staining buffer containing 2% FBS and 0.01% NaN 3 , preincubated for 15 min at 4˚C with 2.4G2 supernatant to block the Fc receptor, and then washed and stained with specific mAb for 20 min at 4˚C. For live/dead cell analysis, 7AAD was purchased from BioLegend. Caspase3/7 and PI were identified by FAM-FLICA Caspase 3 & 7 Assay Kit, from ImmunoChemistry Technology (Bloomington, MN, USA) in accordance with the manufacturer's protocol. For intracellular staining, cells were fixed with 4% paraformaldehyde (Wako, Japan) and permeabilized 0.1% saponin (SIGMA)-containing buffer. For staining of Ki-67, cells were treated with 70% ethanol in −20˚C for 1 hr before staining with the anti-Ki-67 Ab.
To assess Erk and p-Erk levels, cells were treated with 4% paraformaldehyde for 15 min and 90% methanol for 30 min on ice before staining with anti-Erk and p-Erk Abs for 1 h at room temperature. To detect MAIT cells, cells were stained with agonist ligand (5-OP-RU) or antagonist (Ac-6-FP)-loaded APC-conjugated MR1-tetramer for 30 min on ice after treatment with Dasanitib (Axon Medchem) for 30 min at 37˚C. The cells were then stained with anti-APC Ab and anti-TCRβ, B220, and I-A/I-E Abs [43] . To assess annexin V levels, cells were stained with annexin V and 7AAD for 15 min, diluted with annexin V binding buffer after staining with Abs against cell surface markers and washing twice with PBS. To detect Atp8a2, Atp11a, and Atp11c mRNA by flow cytometry, a PrimeFlow PCR array was performed according to the manufacturer's protocol with a probe set containing Alexa Fluor 647-labeled Atp8a2 (VB1-3033283-PF), Atp11a (VB1-3033284-PF) Atp11c (VB1-3050975-PF), and Alexa Fluor 488-labeled Actb (VB4-10432-PF). Data were collected on a FACSCantoII (BD Biosciences) flow cytometer and analyzed using FACS Diva (BD Biosciences) or FlowJo (Tree Star, OR, USA) software.
IELs isolation
Small intestine with the Peyer's patches and fat tissue removed were cut vertically and then cut into small pieces. Intestines were washed with PBS and then incubated with EDTA-RMPI medium (25 ml of 1 mM EDTA, 5% FBS, 2 mM HEPES, 25 μM NaHCO 3 , and 40 μg/ml penicillin and streptomycin containing RPMI1640) at magnetic staler at 37˚C for 20 min. After incubation, medium and intestines were separately collected. Intestines were further washed twice with 25 ml of 5% FBS, 2 mM HEPES, 25 μM NaHCO 3 , and 40 μg/ml penicillin and streptomycin containing RPMI 1640. After washing, there samples were collected and centrifuged Notch controls the number of intraepithelial TCRαβ + CD8ααat 1,800 rpm for 10 min. Cell pellets were resuspended with EDTA-RMPI medium, filtered through 190-μm nylon mesh, and then centrifuged at 1,800 rpm for 10 min. Percoll (GE Healthcare, England, United Kingdom) was diluted with 10x HBSS (SIGMA) to make 1x Percoll. Cells were resuspended with 16 ml of 40% Percoll containing EDTA-RMPI medium per 1 intestine and separated into four 4-ml samples in 15-ml tubes. Two milliliters of 75% Percoll containing EDTA-RMPI medium was added into the lower layer of 40% Percoll in each 15-ml tube. IELs were collected by harvesting the center layer between 40% and 70% Percoll after being centrifuged at 2,000 rpm for 20 min at 20˚C with free-brake and low-accelerator condition.
In vitro differentiation of IEL precursors
Thymocytes from Rbpj +/+ or Rbpj −/− mice were purified by incubating in anti-CD4 and anti-CD8α Ab followed by BioMag goat anti-Rat IgG (QIAGEN, Hilden, Germany). The resulting double-negative thymocytes were then incubated with CD8α, CD5, TCRγδ, B220, NK1.1, TCRβ, and CD4 and sorted for CD4 
DNA microarray
) from Rbpj −/− and Rbpj +/+ mice were sorted using a FACS AriaIII (BD Biosciences). The purity was confirmed to be >90%. RNA was extracted and genomic DNA was degraded using ReliaPrep RNA Cell Miniprep Systems from Promega (Madison, WI, USA). Quality of RNA was evaluated by Agilent 2100 BioAnalyzer. Probe preparation and microarray analyses were performed on SurePrint G3 Mouse GE 8x60K Ver.2.0 (Agilent Technologies). The resulting data were normalized using GeneSpring (Agilent Technologies) software. The data were deposited in the GEO database (GSE117122). Gene ontology study was done by FuncAssociate3.0. Genes expressed >5.0-fold up or down (p < 0.05) between groups were considered to be differentially expressed.
Real-time PCR
RNA from TCRαβ + CD8αα + IELs or DO11.10 determined to be up-regulated because of overexpression of the intracellular domain of Notch1 was extracted as described above. The cDNA was obtained by ReverTra Ace qPCR RT Master Mix with gDNA Remover from TOYOBO (Osaka, Japan). Relative expression of target genes was measured using the following primers: Atp8a2 
Histological analysis
Small intestines were fixed in 10% sucrose (SIGMA) and 1% paraformaldehyde (WAKO) containing PBS for 1 hr followed by incubation in 10%, 20%, or 30% sucrose (Nacalai Tesque, Japan) containing PBS for 8-16 hr before being embedded in O.C.T. compound from Sakura Finetek Japan (Tokyo, Japan). The 20-μm frozen sections were fixed with ice-cold acetone (Kishida Chemical, Osaka, Japan) for 10 min and blocked with 5 mg/ml BSA/PBS. Sections were stained with Armenian hamster anti-mouse TCRβ mAb, rat anti-mouse CD8β.2 mAb, gfp/+ mice, sections were stained with anti-GFP (Thermo Fisher Scientific) followed with Alexa Fluor 488-conjugated anti-Rat IgG (Thermo Fisher Scientific). Finally, sections were enclosed with fluorescent mounting medium (Agilent, Santa Clara, CA, USA). Fluorescence in stained sections was observed by confocal laser microscopy (Nikon A1R+, Tokyo, Japan).
Measurement of flippase activity
Total IELs were isolated from small intestine and washed twice with PBS. IELs (2 × 10 6 ) were suspended in buffer (2.5 mM CaCl 2 and 1 mM MgCl 2 containing HBSS from WAKO) and then incubated in buffer for 10 min at 37˚C with 1.5 μM NBD-labeled PS (18:1-06:0 NBD-PS), PE (18:1-06:0 NBD-PE), or PC (18:1-06:0 NBD-PC) from Avanti Polar Lipid (Alabaster, AL, USA). After incubation, 5 mg/ml fatty acid-free BSA (SIGMA)-containing HBSS was added, and IELs were incubated for 5 min on ice. IELs were washed with fatty acid-free BSA containing HBSS. Flippase activity was assessed by measuring fluorescence in the IELs.
Bone marrow transplantation
C57BL/6 mice (CD45.1/45.2) were irradiated at 9.5 Gy. A one-to-one ratio of total bone marrow cells (1.5 × 10 7 each) from Rbpj +/+ (CD45.1) or Rbpj −/− (CD45.2) mice were administered into irradiated C57BL/6 mice 1 d after irradiation. The chimeric mice were analyzed 6 wk after transplantation. In some experiments, lineage-negative bone marrow cells were isolated with Lineage cell depletion kits (Miltenyi Biotec, Bergisch Gladbach, Germany). The resultant cells were infected with a retrovirus carrying Atp8a2 or a control virus three times. The bone marrow cells were administered into 9.5 Gy-irradiated C57BL/6 mice.
Macrophage depletion
Mice were administered intraperitoneally with anti-CFS1R Ab (clone AFS98) or Rat IgG2a Isotype control (clone 2A3) from Bio X Cell (West Lebanon, NH, USA) (400 μg/mouse) every other day, and mice were analyzed 1 d after final treatment.
In vitro macrophage engulfment assay
A total of 1.5 ml of 4 mg/ml thioglycolate medium was injected into CD45.1/CD45.2 mice. After 4-6 d, 6 ml of ice-cold PBS was injected into the peritoneal cavity, and then macrophages were collected in PBS. Peritoneal macrophages (1. 
Statistical analysis
For all experiments, the significant differences between groups were calculated using Student t test for unpaired data. Differences were considered significant when p < 0.05. 1-6, S2 Fig, S4 Fig and S5 Fig.  (XLSX) 
